Introduction
Hot rolled TRIP-assisted steel strip is frequently produced through hot rolling, followed by a rapid cooling after the final rolling pass to the bainite transformation range [1, 2] . The cooling stage should be sufficiently rapid to minimise any transformation during cooling, allowing transformation to bainite at the isothermal hold [3] . The bainite transformation is associated with carbon partitioning into austenite. This increases the stability of austenite against martensite transformation, which leads to the retention of austenite at room temperature. A combination of hard phases, such as bainite and martensite, and soft ferrite in addition to the TRIP effect of retained austenite result in a steel with high strength and high formability.
Further improvements to the mechanical properties of these steels (strength and formability) are still sought, particularly with respect to adiabatic deformation due to the high strain rate deformation commonly occurring during passenger car collisions. Attention has focussed on the effect of microalloying element additions to manipulate the microstructure and improve the mechanical properties of these steels. Microalloy carbide precipitates with a higher temperature stability (e.g., Nb(C,N) and Ti(C,N)) can be widely formed in austenite, which are especially useful in controlling the microstructural evolution during thermomechanical processing at high temperatures [4] [5] [6] . The extensive microalloy carbide precipitation, in particular vanadium carbide/carbonitride, at lower temperatures can significantly increase the strength of steels [7, 8] .
Investigations in alloy design of microalloyed steels have shown the influence of a combination of Mo and other microalloying elements on dynamic precipitation and precipitate coarsening [9] [10] [11] [12] [13] . The Mo reduces the carbon activity in austenite, increasing the solubility of microalloying elements in austenite and facilitating finer precipitation in the ferrite temperature range. Precipitation at lower temperatures leads to denser and finer precipitates, which enhances steel strength. Additionally, the Mo could decrease the interfacial energy of carbides (e.g., Nb(C,N)), which subsequently enhances the precipitation and reduces the rate of precipitate coarsening.
Although many investigations have been carried out on the single microalloy addition during thermomechanical processing, relatively few works have been reported on the precipitation behaviour of multiple microalloy additions [14] [15] [16] [17] . It has been documented in the literature that the multi-additions of microalloying elements can change the precipitation behaviour [7] . This is of particular importance in the context of microalloyed TRIP-assisted steels because of the interaction between strong microalloy carbide/carbonitride formers and the evolution of microstructure. However, in multiple microalloyed steels, it is difficult to precisely predict the precipitation behaviour during thermomechanical processing due to the interaction between microalloying elements.
In this work a systematic study was conducted through controlled thermomechanical processing to investigate the V(C,N) precipitation behaviour in TRIP-assisted steels with an expected microstructure of an acicular/bainitic ferrite matrix. There has been no study of microstructural evolution of Nb-V-Mo containing TRIP-assisted steels during thermomechanical processing. For the purpose of analysis, a comparison was made between Nb-V-Mo and V containing steels to better understand the effect of 0.04 wt% Nb and 0.08 wt% Mo additions on the microstructural evolution and subsequent properties of 0.16 wt% V microalloyed TRIP-assisted steels.
Experimental Procedure

Materials
The materials used in this investigation consisted of two as-cast microalloyed steels, prepared by laboratory melting. The chemical compositions of these steels are listed in Table 1 .
The ingots were soaked at 1250 °C for 1800 s in an argon atmosphere and rough rolled from 30
to ~13 mm thick plates by 5 to 7 passes using a Hille-rolling mill with a finishing temperature of approximately ≥900 °C, followed by air cooling. Plane strain compression (PSC) testing machine equipped with a controllable heating-cooling system was used to systematically simulate thermomechanical processing. Standard PSC specimens with a size of 60 mm × 30 mm × 10 mm were machined from the rough rolled specimens. The PSC testing was carried out using the thermomechanical compression (TMC) machine at the University of Sheffield. 5-min soaking at 1250 °C was conducted before PSC testing to obtain a similar initial structure in all specimens and to dissolve the microalloy precipitates ( Fig. 1(a) ). Three deformation stages were applied at different temperatures with a finishing pass at 830 °C (designated "hot rolled"). In the second schedule, the specimen was held for 50 s at 900 °C to investigate the microstructural evolution and subsequent precipitation behaviour for two different microalloyed steels (designated "controlled rolled"). The effect of controlled rolling down to the end of the finishing rolling stage on the microalloy precipitation behaviour and austenite evolution was more specifically studied by water quenching the specimens immediately after the last finishing pass (designated "water quenched").
All three deformations within the PSC testing were performed at a strain rate of 10 s −1 . The PSC stress-strain curves were plotted after processing the recorded machine force-displacement data according to the measurement good practice guide [18] .
Characterisation methods
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Specimens after thermomechanical processing were cut ( Fig. 1(b) ), ground and polished according to standard methods (ASTM E3-11). The characterisation of microstructure, precipitation behaviour and mechanical properties at room temperature were undertaken by optical microscopy, scanning-transmission electron microscopy (SEM-TEM) and microanalysis, X-ray diffraction (XRD) and Vickers hardness testing.
To observe the prior austenite grain boundaries in water quenched specimens, the polished samples were etched with saturated aqueous picric acid at 65-75 °C for 120 s. The prior austenite grain size was measured using the linear intercept method according to ASTM E112.
Secondary electron imaging was undertaken using an FEI-Inspect F scanning electron microscope at 20 kV after etching the samples by 2% nital reagent. More details of microstructure and precipitates were studied by TEM using a series of FEI-Tecnai-20 at 200 kV and JEOL2010
field emission gun (FEG) at 200 kV. The presence of heavy elements, e.g., Nb, V and Mo in precipitates was analysed by electron dispersive spectroscopy (EDS). The electron energy loss spectroscopy (EELS) microanalysis was also used to investigate the presence of nitrogen in precipitates. The TEM analysis was conducted using thin foil and carbon extraction replica samples. TEM samples were prepared by standard methods. The chemical composition, crystal structure, size distribution and number density of microalloy precipitates were studied using carbon extraction replica samples. The low energy-loss spectrum was used to estimate TEM specimen thickness by the Kramers-Kronig Sum-Rule [19] .
The average volume fraction of retained austenite was estimated by XRD using a D5000
Siemens X-ray diffractometer with CoK radiation. XRD data were obtained from 40° to 130° with a scanning rate of 0.1°/min and a step size of 0.02°. The characterisation of retained austenite was performed using Rietveld refinement by the Topas Academic package software V5.0. The quality and accuracy of the Rietveld refinement were checked using the numerical value of Goodness of Fit and characteristic difference pattern from the observed and calculated patterns.
Vickers hardness and micro-hardness testing were determined according to ASTM E 92-82
and ASTM E384-11 using a Universal hardness and Mitutoyo testers, respectively. The hardness testing was performed on polished specimens, while micro-hardness testing was carried out on lightly etched specimens in order to better understand the hardness of different constituents in the microstructure. The hardness and micro-hardness of specimens were measured with 20 s of holding time before unloading and two different loadings of 10 kg and 100 g, respectively.
Average Vickers hardness and micro-hardness were calculated from at least ten measurements per each specimen. The size of micro-indentations was measured by both optical microscopy and 3D optical microscopy. The 3D optical microscopy was carried out using a Bruker Contour GT-K1 (with a nanometer vertical resolution) under vertical scanning interferometer (VSI) mode with a threshold of 0.1% and 30 m back-scan. The fraction of allotriomorphic ferrite appeared to correlate with the extent of recrystallisation in the austenite, which was observed in Steel 2, promoting more allotriomorphic ferrite than in Steel 1, where recrystallisation was suppressed (Fig. 2 ). While this was mainly due to the difference in austenite grain boundary area, it could also be related to the effect of V and Nb-V-Mo additions on precipitation or solute drag that could control the kinetics of ferrite formation [20] [21] [22] .
Results and Discussion
A comparison between the microstructure of deformed and undeformed regions of the PSC specimens indicates the effect of deformation on the elongation of prior austenite grains and the acceleration of the kinetics of allotriomorphic ferrite formation (Fig. 2) . Optical microscopy observations of the undeformed regions of Steel 1 revealed that the allotriomorphic ferrite had hardly formed in the microstructure (Fig. 2(e) ). By contrast, in an identical condition the allotriomorphic ferrite was observed in the undeformed microstructure of Steel 2 ( Fig. 2(f) ). This is consistent with the recent findings of Hinton et al. in 2012, who showed that Nb reduces the kinetics of ferrite formation [23] . Following the analysis of the deformed/undeformed regions of PSC specimens, it can be suggested that the effect of NbMo on retarding the allotriomorphic ferrite was partly neutralised by the mechanical deformation. In this context, the effect of V(C,N)
precipitates on pinning the allotriomorphic ferrite boundaries in Steel 2 will be further elucidated in section 3.3. SEM was used to further investigate the microstructure. As shown in Fig. 3 , the microstructure mainly comprised acicular/bainitic ferrite and martensite. Therefore, the cooling rate of ~12 °C/s after the finishing pass was rapid enough to retain austenite down to the bainite start temperature after both hot and controlled rolling. However, some of the remaining austenite would have transformed to bainite and martensite during subsequent cooling after the isothermal hold. SEM of the microstructure of water quenched samples is shown in Fig. 3 (e) and (f). In this case, the lath shaped features containing small particles in SEM micrographs were considered to be bainite. TEM and XRD analysis showed the microstructure in SEM micrographs comprised martensite, bainite and retained austenite (e.g., Figs. 4 and 5). However, the reason for bainite formation in the water quenched steels is not currently clear and needs further investigations.
Retained austenite
A considerable amount of retained austenite was formed in the microstructure after the hot rolling, controlled rolling and water quenching in both steels, as shown by XRD. Table 2 compares the average volume fraction and average carbon content of retained austenite in terms of the thermomechanical processing used. The XRD analysis generally suggested a goodness of fit of around three for all samples. The carbon content of retained austenite was determined using the following equation [24] : a = 0.35467 +0.00467 wt% C
The amount of retained austenite in Steel 1 was higher than Steel 2 for all conditions. This suggests that NbMo significantly contributed to increasing the proportion of retained austenite.
This is in agreement with the results of Zarei-Hanzaki et al., who also reported the effect of Nb on the austenite retention in 0.22C, 1.55Si, 1.55Mn (wt%) TRIP steel [25] . They pointed out that the solid solution hardening by Nb and work hardening of austenite at temperatures below the recrystallisation-stop temperature increases the stability of austenite against martensite transformation. In the present study, the optical micrographs of the water quenched structure showed a recrystallised structure in Steel 2. In contrast, this behaviour was absent in Steel 1. It is therefore inferred that the strengthening of prior austenite in Steel 1 due to NbMo additions and perhaps the absence of softening mechanisms of recovery/recrystallisation might be the reasons for the stabilisation of austenite [26] . Nevertheless, it is impossible to be absolutely sure about the effect of other mechanisms such as bainite transformation on austenite retention during different cooling conditions in the studied steels (see Fig. 1 (a) ). Further investigations into the bainite transformation would be required to better understand these variations.
Microalloy precipitates
In both steels, TEM-EDS analysis revealed random precipitation in the grain interiors of polygonal ferrite, but with different densities (e.g. Fig. 5 ). TEM observations also evidenced the presence of V(C,N) on the grain boundaries of polygonal ferrite in Steel 2 ( Fig. 5(c) ). These results suggested that V(C,N) precipitates in Steel 2 could retard the growth of allotriomorphic ferrite by pinning the boundaries.
The TEM-EDS analysis strongly suggested the presence of V carbide/carbonitride precipitates in the acicular/bainitic ferrite with a random distribution, though locally high density dislocations often obscure the precipitates (Fig. 5(b) ). As V carbide/carbonitride precipitation hardly occurs below the bainite start temperature, it can be suggested that these precipitates formed in austenite [27, 28] . Also, the EELS analysis of precipitates in water quenched specimens showed that no significant V nitride/carbonitride was formed in the microstructure. It can be therefore inferred that V carbide/carbonitride precipitates in austenite were mainly formed at temperatures below the finishing stage (i.e. at 830°C). No systematic investigation has been reported on the possibility of V(C,N) precipitation in austenite during controlled rolling in TRIP-assisted steels at temperatures at and below the intercritical range. Recently, a few works have been reported on Nb precipitation in austenite and bainite [6, [28] [29] [30] [31] . They showed the possibility of Nb(C,N) formation in austenite at different temperatures, in particular on pre-existing dislocations (dislocation cores) and boundaries.
Locally a high dislocation density was observed in different regions of lath shaped ferrite and martensite of both steels. The high strain rate (i.e. 10 s −1 ) and rapid cooling after finishing stage (at an average of ~12 °C/s) might limit the extent of recovery, leaving the dislocations piled up at regions close to the boundaries and microalloy precipitates. It was also likely that many of these dislocations were formed by a plastic relaxation as a result of shape strain during the bainite transformation or due to an elastic strain accommodation in the martensitic lath structure [26, 32] .
This indicates that the dislocations in prior austenite would be moved away from their original positions (e.g. Fig. 5(a) ). Therefore, it is impossible to make a definitive statement as to whether or not the observed precipitates were primarily formed on dislocations. However, it should be noted that the micrographs of carbon replicas are related to the precipitates, which were extracted from acicular/bainitic ferrite, allotriomorphic ferrite and martensite. This simply means that the microalloy precipitates extracted from the acicular/bainitic ferrite represented the precipitates, which had formed in austenite. Fig. 6 gives typical carbon extraction replica micrographs showing the presence of microalloy precipitates in both steels. TEM analysis of microalloy precipitates showed that the precipitates have an FCC crystal structure in both steels (e.g., Fig. 6(g) ). Note that the precipitate size distribution histograms did not differentiate between precipitates of different compositions. However, the average diameter and the peak in the precipitate size distribution in Steel 1 increased after controlled rolling (i.e., from 5-10 nm to 10-15 nm).
Additionally, the precipitate size distribution in the water quenched specimen showed similar behaviour to the controlled rolled specimen. This was a good evidence to confirm the consistency of results in samples subjected to a holding time of 50 s at 900 °C with an identical prior thermomechanical processing history. Also, no significant variation was observed in the average number density of precipitates in Steel 1 in terms of thermomechanical processing (Table 3) . It is therefore clear that the Nb-Mo additions considerably increased the temperature stability of microalloy precipitates. Also, the kinetics of growth-coarsening of precipitates in Nb-V-Mo containing steel was primarily influenced by the growth-coarsening of existing precipitates during the holding time before the finishing stage.
As expected, very few V(C,N) precipitates (i.e. 229 precipitate m −3 , with the highest frequency at 5 10 nm) were found in the water quenched specimen of Steel 2 (Table 3) . Moreover, the number density of precipitates in Steel 1 was higher than Steel 2 in water quenched samples, showing a significant precipitation in Steel 1 at higher temperatures ( Fig. 7 and Table 3 [33] . These results are also consistent with the findings of Crooks et al., who reported on the kinetics of V and V-Nb precipitation, and austenite recrystallisation at temperatures over 800 °C [34] . They showed that the nose of the C-curve for V(C,N) precipitation in deformed austenite in a set of HSLA steels containing 0.1C (0.016-0.026)N (0.1 or 0.2)V (wt%) is lower than 800 °C.
Similarly, they observed very few precipitates in specimens held for 60 s at 885 °C.
The observed difference in the precipitate number densities of hot and controlled rolled Steel 2 suggested that there was a factor reduced the extent of V(C,N) precipitation during controlled rolling (Table 3) . As discussed earlier, TEM thin foil analysis evidenced that it was possible for V(C,N) to precipitate in both austenite and allotriomorphic ferrite. However, it is highly probable that the cooling rate was too rapid to allow a considerable V(C,N) precipitation.
PSC stress-strain curves at finishing pass
The PSC stress-strain curves of hot/controlled rolled specimens at 830 °C showed an increase in the peak stress of Steel 1 compared to Steel 2, though no significant difference was observed between two thermomechanical processing schedules (Fig. 8) . In Steel 2, the microstructure of water quenched specimen showed a recrystallised structure with no significant microalloy precipitation at temperatures above the finishing temperature (Table 3 ). In contrast, the microstructure of Steel 1 contained an elongated prior austenite (i.e. pancaked grains) and a large number of microalloy precipitates (Fig. 2) . It can be therefore inferred that the higher peak stress of Steel 1 corresponds to the higher work hardening, resulting from the microalloying elements and dislocations-dislocations interactions [35] [36] [37] [38] .
Additionally, the flow and peak stresses of Steels 2 for the hot rolled and controlled rolled conditions were similar at deformation pass of 830 °C. These showed that during the interpass hold time at 900 °C recrystallisation did not occur and perhaps it was stopped at temperatures over 900 °C. This is consistent with the findings of Sellars who reported a temperature around 1000 °C for the recrystallisation-stop temperature for a given C-Mn steel [20] .
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Vickers hardness
As shown in Fig. 9 , the hardness of water quenched specimens is significantly higher compared to the other specimens. According to microscopy observations, this effect was attributed to the dominant bainite and martensite structure.
Of particular note was that the hardness of Steel 2 was not significantly lower than that of Steel 1 after the hot rolling and controlled rolling, despite the fact that the higher volume fraction of allotriomorphic ferrite was present in Steel 2 (Fig. 9) . The 3D optical microscopy successfully showed the edges of micro-hardness indentations ( Fig. 9(a) ), though an etched surface in conventional optical microscopy often obscures the edge of indentations. Micro-hardness measurements showed a hardness of 282±33 HV0.1 for the dark regions of optical micrographs (Fig. 2) . However, the large standard deviation of micro-hardness (i.e. 33 HV0.1) can be mainly related to the inhomogeneous distribution of martensite, bainite, retained austenite and precipitates in these regions. In other words, different constituents in multiphase steels have different hardness and their volume fraction and distribution can change the overall hardness [39, 40] . It can be thus inferred that the most likely reasons for the high hardness of Steel 2 was attributed to the martensite/bainite volume fraction and also precipitation strengthening. V(C,N) precipitation in Steel 2 might offset the softening effect of ferrite. This is inconsistent with the earlier conclusions about the average number density of precipitates in the section 3.3. This suggests that the average number density of V(C,N) precipitates (i.e. 229 to 2400 precipitate µm -3 ) was too low to significantly increase the hardness of steel. These results are in agreement with the findings of Hui et al., who also reported on the effect of cooling rate on the V(C,N) precipitation hardening in microalloyed medium carbon content steels [41] . They showed no considerable V(C,N) precipitation hardening in steels with acicular ferrite matrix after cooling at a rate of 10 °C/s. 
Conclusions
